Enforced expression of GNG11, G-protein γ subunit 11, induces cellular senescence in normal 2 human diploid fibroblasts. We here examined the effect of the expression of GNG11 on the growth of 3 immortalized human cell lines, and found that it suppressed the growth of SUSM-1 cells, but not of 4 HeLa cells. We then compared these two cell lines to understand the molecular basis for the action of 5 GNG11. We found that expression of GNG11 induced the generation of reactive oxygen species 6 (ROS) and abnormal nuclear morphology in SUSM-1 cells but not in HeLa cells. Increased ROS 7 generation by GNG11 would likely be caused by the down-regulation of the antioxidant enzymes in 8 SUSM-1 cells. We also found that SUSM-1 cells, even under normal culture conditions, showed 9 higher levels of ROS and higher incidence of abnormal nuclear morphology than HeLa cells, and 10 that abnormal nuclear morphology was relevant to the increased ROS generation in SUSM-1 cells. 11
The plasmid encoding YFP-tagged GNG11 was kindly provided by Dr. Gautam (Washington 1 University school of Medicine) (Cho et al. 2011; Saini et al. 2010) . Construction of the plasmid that 2 expresses GNG11 or GFP from the human cytomegalovirus promoter was previously described 3 (Hossain et al. 2006) . 4 5
DNA transfection 6
Plasmids (10 µg) were introduced into cells (10 6 cells) by electroporation with a 7 high-efficiency electroporator (type NEPA21, Nepa Gene), and appropriate numbers of the cells 8 (1×10 3 -10 6 cells) were seeded on dishes or cover slips for further analyses. 9 D r a f t
7
The cells were washed twice with PBS (phosphate buffered saline), and incubated in serum 1 free medium supplemented with 5 µM of a ROS-sensitive fluorescence probe, 2 2'7'-dichloro-fluorescein diacetate (H 2 DCFDA, Molecular probes) for 30 min at 37˚C in dark. Then, 3 cells were washed twice with PBS, and the fluorescence signals were photographed with a 4 fluorescence microscope (IX-70, Olympus) equipped with a standard filter set for fluorescein. 5 6
Immunofluorescence analysis 7
Cells grown on a cover slip were fixed with 100% methanol for 15 min at -20˚C, washed three 8 times with PBS, and incubated with 1% bovine serum albumin in PBS at room temperature for 1 h. 9
After washing with PBS, the primary antibody against GFP (Bio Vision) was mounted on a cover 10 slip for 18 h. The cells were washed three times with PBS, and incubated with an alexa 11 568-conjugated secondary antibody (Molecular Probes) for 3 h. Finally, the cells were washed three 12 times with PBS, incubated with DAPI (4',6-diamidino-2-phenylindole) for 30 min, and mounted 13 with an anti-fading reagent (Molecular probes). Immunofluorescence images were obtained by 14 fluorescence microscopy (BZ-9000, Keyence). 
GNG11
; 5'-GAAGGTGAAGGTCGGAGTCAA-3' and 5'-GACAAGCTTCCCGTTCTCAG-3' for 1 GAPDH (Ahmad et al. 2013; Juhasz et al. 2009; Lei et al. 2016) . Results were normalizes with the 2 expression of GAPDH. 3 D r a f t
Results 1
Growth suppression by expression of GNG11 in SUSM-1 cells 2
We examined whether enforced expression of GNG11 suppresses the growth of immortalized 3 human cell lines. For this, we employed SUSM-1 cells and HeLa cells. We transfected these cells 4 with the GNG11-expressing vector or an empty vector (Hossain et al. 2006) , and subsequently 5 cultured them with G418 to select the cells that stably expressed GNG11. SUSM-1 cells formed 6 much less colonies when transfected with the GNG11-expressing vector than when transfected with 7 an empty vector (Fig. 1A) . By contrast, HeLa cells showed similar colony formation when 8 transfected with the GNG11-expressing vector or an empty vector (Fig. 1A) . Thus, expression of 9 GNG11 effectively suppressed the growth of SUSM-1 cells, but not of HeLa cells. Importantly, 10 SUSM-1 cells transfected with the GNG11-expression vector were stained with 11 senescence-associated ß-galactosidase ( Fig.1 B) , which observation suggested the possibility that 12 enforced expression of GNG11 induced cellular senescence in SUSM-1 cells. We also found that 13 GNG11 was endogenously expressed at detectable levels in both SUSM-1 and HeLa cells, but its 14 expression level was lower in SUSM-1 cells than in HeLa cells (Fig. 1C) . 15 D r a f t examined the subcellular localization of GNG11 in SUSM-1 and HeLa cells. We expressed the 1 YFP-fused GNG11 protein (YFP-GNG11) in cells (Cho et al. 2011; Saini et al. 2010) ; however, YFP 2 fluorescence signals were found to be too weak to precisely determine the localization of GNG11 in 3 both SUSM-1 and HeLa cells, though GFP alone was efficiently expressed in both cell lines 4 ( Supplementary Fig. 1 ). We then enhanced the signals by indirect immunofluorescence with an 5 antibody against YFP/GFP. The YFP-GNG11 protein was observed in the nuclei and at the 6 perinuclear regions in both SUSM-1 and HeLa cells, and thus SUSM-1 and HeLa cells did not 7 appear to show differences in the subcellular localization of GNG11 ( Fig. 2A) . However, we 8 unexpectedly found that expression of GNG11 significantly increased the cells with abnormal 9 nuclear morphology, which was revealed by staining the nuclei with DAPI, in SUSM-1 cells (Fig.  10   2A, B) . Interestingly, the YFP-GNG11 signals frequently accumulated in the bending regions of the 11 nuclei ( Fig. 2A) . Abnormal nuclear morphology in SUSM-1 cells was also confirmed by staining the 12 nuclear envelope with an antibody against lamin B receptor (LBR) (Fig. 2C) . Additionally, we found 13 that considerable numbers of SUSM-1 cells showed abnormal nuclear morphology even under 14 normal culture conditions (Fig. 2B, 5D ). However, by contrast, HeLa cells showed almost normal 15 nuclear morphology when GNG11 was expressed or not ( suggested that ROS were regulated differently in SUSM-1 cells than in HeLa cells. We then 9 examined the sensitivity to oxidative stress in SUSM-1 and HeLa cells by culturing them in medium 10 supplemented with paraquat, which generates superoxide anions in cells. SUSM-1 cells were more 11 sensitive to paraquat than HeLa cells (Fig. 3C) , and thus SUSM-1 cells would be more susceptible to 12 the growth defect due to oxidative stress than HeLa cells. Since the growth-suppressive effect of 13 paraquat was diminished by simultaneous addition of an antioxidant, N-acetyl-L-cysteine, in 14 SUSM-1 and HeLa cells, ROS were causally involved in the growth suppression by paraquat in 15 these cells (Fig. 3D) . Then, ROS were regulated differently in SUSM-1 cells than in HeLa cells, andD r a f t To understand the mechanisms for the increased generation of ROS by GNG11 in SUSM-1 3 cells, we analyzed the expression of the enzymes that scavenge or produce ROS: i.e., superoxide 4 dismutase (SOD), catalase, glutathione peroxidase (GPX), and NADPH oxidase (NOX). NOX 5 produces ROS but the others scavenge ROS. Of these, we examined the expression of the 6 intracellular enzymes such as SOD1, SOD2, catalase, GPX1, GPX2, GPX4, and NOX1-5, and found 7 that GNG11 significantly down-regulated the expression of SOD1, SOD2, catalase, and NOX5 but 8 not of GPX1, GPX4, and NOX4 in SUSM-1 cells (Fig. 4) . The expression of GPX2 and NOX1-3 was 9 not detected in SUSM-1 cells (data not shown). Further, we also compared the expression of these 10 enzymes between SUSM-1 cells and HeLa cells. We found that expression of SOD1, catalase, GPX2 11 and NOX5 was significantly lower in SUSM-1 cells, but that of NOX4 was higher in SUSM-1 cells, 12 than in HeLa cells (Fig. 4) shapes. We then found that paraquat significantly increased the cells with abnormal nuclear 4 morphology in SUSM-1 cells (Fig. 5A, D) . This observation indicated that ROS, at least partly, 5 regulated the nuclear shapes in SUSM-1 cells, and thus suggested that expression of GNG11 6 increased the cells with abnormal nuclear morphology by up-regulating ROS generation in SUSM-1 7 cells. Interestingly, we also found that SUSM-1 cells, when treated with BrdU, showed ameliorated 8 nuclear morphology and decreased basal levels of ROS (Fig. 5B, C, D) . BrdU might affect the 9 nuclear envelope organization because BrdU is an agent that decondenses heterochromatin which 10 interacts with nuclear envelope proteins (Zakharov et al. 1974 ). Collectively, these findings 11 suggested that increased ROS generation might couple with abnormal nuclear morphology in 12 SUSM-1 cells. However, in HeLa cells, ROS alone were not sufficient to induce abnormal nuclear 13 morphology (Fig. 5A) . Thus, nuclear envelope organization as well as ROS generation was regulated 14 differently in SUSM-1 cells than in HeLa cells. 15
In this study, we showed that enforced expression of GNG11 suppressed the growth of 2 SUSM-1 cells, but not of HeLa cells. Since different responses to the expression of GNG11 in 3 SUSM-1 and HeLa cells would be caused by their different genetic backgrounds, we compared these 4 two cell lines to understand the molecular mechanisms for the growth-suppressive effect of GNG11 5 in SUSM-1 cells. We then found that SUSM-1 cells showed a clear induction of ROS by GNG11 as 6 well as high basal levels of ROS, whereas HeLa cells showed no detectable induction of ROS by 7 GNG11 as well as low basal levels of ROS. Since ROS impair cellular functions, increased ROS 8 seemed to be involved in the growth suppression by GNG11 in SUSM-1 cells. Given that GNG11 9 encodes a member of the γ-subunit family of the heterotrimeric G-proteins, GNG11 would likely 10 participate in the regulation of the reactions that erase or produce ROS, rather than GNG11 directly 11 catalyzes the reactions that produce ROS. Indeed, we showed that GNG11 down-regulated the 12 expression of the antioxidant enzymes in SUSM-1 cells, though its regulatory mechanisms are 13 currently unidentified. The activity of transcription factors that regulate the expression of these 14 antioxidant genes might be regulated differently in SUSM-1 cells than in HeLa cells. 15
We also found that GNG11 or paraquat induced abnormal nuclear morphology in SUSM-1 16 cells. Then, ROS induced by GNG11 or paraquat would have a role in the induction of abnormal 17 nuclear morphology in SUSM-1 cells. Abnormal nuclear morphology was also observed in a portion 18 D r a f t of SUSM-1 cells cultured under normal culture conditions, and this phenomenon would be probably 1 linked with high basal levels of ROS in SUSM-1 cells. Additionally, we showed that BrdU 2 ameliorated nuclear shapes with decreased basal levels of ROS. Thereby, these observations 3 suggested a regulatory interplay between ROS generation and nuclear envelope organization in 4 SUSM-1 cells. Consistent with this, it is well known that the Hutchinson-Gilford progeria syndrome 5 (HGPS) patient cells, which have a defective nuclear lamina due to a mutation in lamin A/C, show 6 not only aberrant nuclear morphology but also increased levels of ROS and an increased sensitivity 7 to ROS (De Sandre-Giovannoli et al. 2003; Eriksson et al. 2003; Richards et al. 2011; Viteri et al. 8 2010) . Recent findings indicate that the defective nuclear lamina in HGPS cells impairs the NRF2 9 function through sequestration of NRF2 at the nuclear periphery and intracellular aggregates, and 10 consequently increases chronic oxidative stress (Kubben et al. 2016 ). This finding indicates the 11 crucial roles of the nuclear envelope organization in the regulation of oxidative stress because NRF2 12 encodes a transcription factor that plays a central role in the response to oxidative stress by inducing 13 many detoxification/antioxidant enzymes (Itoh et al. 1997) . Further, increased generation of ROS 14 due to the defects in the nuclear lamina, in turn, impairs lamin A/C through oxidation of its tail 15 domain (Pekovic et al. 2011) . Thus, ROS induced by the defective nuclear lamina amplify the 16 defects in nuclear lamina in a positive feedback loop manner. Then, it would be interesting to 17 speculate such a regulatory interplay between ROS and nuclear envelope proteins might be observed 18 D r a f t in SUSM-1, though it is unclear at present whether increased generation of ROS is a cause or 1 consequence of abnormal nuclear organization in SUSM-1 cells. However, ROS alone did not seem 2 to be sufficient to alter nuclear shapes because paraquat hardly affected nuclear shapes in HeLa cells; 3 thus, we prefer the possibility that altered nuclear envelope organization might cause increased 4 generation of ROS that consequently leads to an increased sensitivity to ROS in SUSM-1 cells. 5
Then, it is possible to speculate that SUSM-1 cells would have altered nuclear envelope 6
organization. In addition, we showed that heterochromatin would also be involved in the regulation 7 of nuclear shapes because abnormal nuclear shapes in SUSM-1 cells were ameliorated by BrdU, 8 which decondenses heterochromatin (Zakharov et al. 1974) . Given that heterochromatin interacts 9 with the nuclear envelope proteins, abnormal nuclear shapes might be caused by abnormal 10 interaction between the nuclear envelope and heterochromatin in SUSM-1 cells. If so, BrdU might 11 ameliorate the nuclear shapes by unraveling the abnormal interaction between the nuclear envelope 12 and heterochromatin, and consequently down-regulate the increased basal levels of ROS in SUSM-1 13 cells. However, we found that, even though BrdU down-regulated the increased basal levels of ROS 14 in SUSM-1 cells, the ROS levels in BrdU-treated SUSM-1 cells seemed to be higher than those in 15
HeLa cells under normal culture conditions. This may be due to that BrdU-treated SUSM-1 cells and TE85 cells, which belong to the other complementation groups (Ogata et al. 1993; Ogata et al. 7 1995) . This indicates that a gene(s) that locates on chromosome 7 suppresses the growth of SUSM-1 8 cells. Since GNG11 locates on chromosome 7, it would be intriguing to speculate that GNG11 plays 9 a role in the growth suppression by introduction of chromosome 7 in SUSM-1 cells. 10
In summary, we have shown that GNG11 suppressed cell growth with induction of ROS and 11 abnormal nuclear morphology in SUSM-1 cells. Our findings suggested a regulatory interplay 12 between ROS generation and nuclear envelope organization in SUSM-1 cells, and thus, SUSM-1 13 cells may provide a unique system to study the relationship between ROS generation, nuclear 14 envelope organization, and G-protein signaling. 
